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prize, and the cytoplasmic (relatively soluble) dispositionThe Dawn of High-Resolution
of these subunits has rendered them potentially amena-Structure for the Queen ble to recombinant protein expression (Opatowsky et
al., 2003) and crystallographic approaches.of Ion Channels
Onto this stage have burst a series of recent water-
shed  subunit papers, culminating in the  subunit
structure in this issue. The conceptual backdrop for
Ca2 channels are comprised of a main pore-forming these studies came from primary sequence alignment
1 subunit, complexed with , 2, and  subunits. of the various  subunit genes, which suggested the
Unlike a growing number of smaller ion channels, no existence of five domains (D1-D5) (Figure 1A) (Dolphin,
atomic-level structures of Ca2 channels have been 2003): two were highly conserved (D2 and D4), while
resolved thus far. In this issue of Neuron, Opatowsky three others were variable and subject to alternative
and colleagues report the crystal structure of a Ca2 splicing (D1, D3, and D5). Much of  subunit function
was believed to be supported by a D4 segment calledchannel  subunit, which draws together a recent
“BID,” which binds to the “AID” segment of the cyto-wave of seminal reports on the structural organization
plasmic I-II loop of the Ca2 channel 1 subunit. The I-IIof these essential molecules.
loop may contain an ER retention signal that may be
covered by  subunit binding (Dolphin, 2003), possiblyVoltage-gated Ca2 channels are arguably the queen
promoting transport of the 1 subunit to the surfaceof ion channels from the standpoint of neurobiological
membrane. Though long useful as an organizing frame-function—they not only sculpt membrane electrical
work, this domain view of  subunits lacked a firm struc-waveforms as do other channels but also serve as
tural or higher-order mechanistic basis.gatekeepers of the ubiquitous second messenger Ca2.
A new paradigm began to emerge with homologyAs such, they mediate vital life functions that are
modeling of the  subunit, which led to the intriguingas diverse as excitation-secretion coupling underlying
suggestion that this subunit was a type of membrane-neurotransmitter release, excitation-contraction cou-
associated guanylate kinase (MAGUK) protein (Hanlonpling, and excitation-transcription coupling (Maier and
et al., 1999). MAGUKs often function as molecular scaf-Bers, 2002). Contrasting with their prominent functional
folds to localize various signaling molecules in appro-status, Ca2 channels have stood somewhat apart from
priate complexes and locations (Lahey et al., 1994); theythe intoxicating rush of structural-biological advances
are comprised of PDZ domain(s), an Src-homology 3for other types of ion channels (Miller, 2003). Prominent
(SH3) domain, and a domain homologous to guanylateamong the elect are certain K channels whose small
kinase (GK). Intriguingly, the Ca2 channel  subunitsize has helped them survive the ardors of X-ray crystal-
appeared to incorporate both a SH3 and a GK domain
lographic methods, despite the transmembranous na-
(Figure 1B), and there was weak homology to a PDZ
ture of ion channels. On the other hand, the main pore-
domain in the N terminus of certain  subunits. There is
forming 1 subunit of Ca2 channels is several-fold a wealth of structure-function knowledge for MAGUKs,
larger, a factor that has relegated Ca2 channels to the including crystal structures for PSD-95, a prototypic
sidelines of high-resolution structure. Electron-micro- MAGUK that helps organize the postsynaptic density
scopic structures of Ca2 channels have helped to level (McGee et al., 2001; Tavares et al., 2001). If the  subunit
the playing field somewhat (Murata et al., 2001) but not was an actual MAGUK, an enormously rich context of
nearly to the level of atomic clarity that is enjoyed by insight could be appropriated.
K and other channels. This incongruence between the At least three groups set out to substantiate this bold
elevated biological importance of Ca2 channels and MAGUK conjecture, using a combination of biochemical
their rather impoverished structural status is about to and electrophysiological evidence. A first line of data
change with this issue of Neuron, where Opatowsky and was to demonstrate that putative SH3 and GK domains
colleagues (Opatowsky et al., 2004) report the crystal of the  subunit bind to each other (McGee et al., 2004;
structure of a Ca2 channel  subunit. Opatowsky et al., 2003; Takahashi et al., 2004), as such
While not the main pore-forming 1 element of Ca2 interaction is a hallmark feature required for the func-
channels,  subunits are crucial auxiliary components tionality of other MAGUKs. A second, more discriminat-
of these channel complexes—required for appreciable ing test was to demonstrate functional transcomple-
membrane trafficking of 1 and intimately involved in mentation of mutant MAGUK molecules (McGee and
modulating channel opening (Dolphin, 2003). Multiple Bredt, 1999; Shin et al., 2000). In particular, a specific
 subunit genes (all extensively spliced) endow Ca2 mutation in the SH3 domain of PSD-95 disrupts GK/SH3
channels with an impressive array of distinct functional interaction, while another mutation in the GK domain
behaviors, which enable exquisite tailoring of channel also inhibits such interaction. Expression of either form
phenotype to biological context. Although the mecha- of mutant alone yields substandard function; yet, coex-
nisms by which  subunits work their magic have been pression of the two types of mutants rescues full PSD-
researched for more than a decade, they have remained 95 activity by allowing wild-type SH3 and GK modules
substantially unknown. Thus, the atomic structure of the from different molecules to interact and form “normal”
PSD-95. When the analogous mutations were made inCa2 channel  subunit has presented as a considerable
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of exciting possibilities. First, although SH3 and GK do-
mains of the  subunit certainly interact, they appear to
do so in a considerably different manner than is found
in PSD-95. In the Ca2 channel version, largely helical
elements of the GK ear domain articulate the E strand,
and the tip of 5 engages the distal loop of the SH3-
related domain. Second, while the GK domain alone
engages the AID segment, the extent of interaction
clearly transcends the BID segment. Finally, by compar-
ing the disordered structural characteristics of the AID
segment alone with the strong helical content of AID in
complex with the GK domain, the authors suggest that
the  subunit may do far more than simply cover an ER
retention signal in the I-II loop; these auxiliary subunits
may serve as intimate “nursemaids” that coax helix for-
mation of the I-II loop, which (by propagation) may be
essential for proper folding of the core transmembrane
segments of 1.
The structure of Opatowsky and colleagues marks
the dawn of a high-resolution structural era for Ca2
channels. It is not surprising, then, that their structure
raises as many questions as it answers. For example,
if the GK alone binds the I-II loop of 1, why is coexpres-
sion of both SH3 and GK hemi- subunits required toFigure 1. Chronological Progression of Ca2 Channel  Subunit
restore full surface membrane expression of Ca2 chan-Structure
nels (Takahashi et al., 2004)? In addition, given that(A) Original conceptual view. Top shows a cartoon of an 1 subunit,
MAGUKs typically orchestrate colocalization of differentwith its four homologous domains (I-IV) and AID interaction segment
types of molecules, is it possible that certain  subunitson I-II loop. Bottom shows the domain organization of a  subunit,
labeled D1-D5. BID indicates the presumed interaction segment of also serve to colocalize as-yet-unknown signaling part-
the  subunit with the AID of the 1 subunit. ners with Ca2 channels? What is so wonderful now is
(B) Homology modeling view, indicating possible MAGUK-like that unanswered questions like these can be attacked
organization of the  subunit.
with the aid of high-resolution molecular blueprints that(C) Cartoon summary of the crystal structure features.
have thus far been missing for the Ca2 channel world.
No doubt this is only the opening foray, as more crystal
or NMR structures will follow suit. Different types of the Ca2 channel context, coexpression of potentially
subunits will probably come first, followed by other keytranscomplementing mutants indeed restored full sub-
pieces of the Ca2 channel puzzle. It is clear that theunit functionality (McGee et al., 2004; Takahashi et al.,
queen of the ion channels has here made her entrance2004). A third and most stringent functional test of the
into the ballroom of high-resolution structure.MAGUK hypothesis would be to establish whether SH3
and GK modules, expressed as separate molecules,
could bind together and reconstitute MAGUK activity. David T. Yue
When hemi- subunits—comprised of presumed SH3
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and GK domains—were coexpressed, there was indeed
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et al., 2004) restoration of  subunit functionality. These
Calcium Signals Laboratory
results represent compelling but still indirect evidence
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ture of the core segment of a Ca2 channel 2a subunit
in complex with the I-II loop AID (this issue of Neuron).
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One such brain structure was thought to be the AL.
In the honeybee, injection of a neuromodulator into the
AL affects memory acquisition (Hammer and Menzel,
1998), and associative learning modifies glomerular acti-
vation patterns in the AL (Faber et al., 1999). In Drosoph-
The Spatial Code for Odors ila, AL damage impairs short-term courtship condition-
ing (McBride et al., 1999). Thus, the AL appears to playIs Changed by Conditioning
a role in the early stages of memory formation. However,
the specific cell populations within the AL that contribute
to memory formation were not known.
In this issue of Neuron, Ronald Davis and colleaguesDrosophila displays robust olfactory learning. In this
provide an elegant demonstration that olfactory condi-issue of Neuron, Davis and colleagues use optical im-
tioning modifies the odor-evoked activity of the outputaging to demonstrate that olfactory conditioning alters
neurons of the Drosophila AL, the PNs (Yu et al., 2004).odor representations among the glomeruli of the fly
Yu et al. visualized odor representations in the AL withantennal lobe. New synaptic activity is recruited into
the pH-sensitive optical reporter synapto-pHluorin, athe representation of an odor and is localized to pro-
reagent that was imaginatively developed by Gero Mie-jection neurons (PNs).
senboeck and colleagues and used to image odor-
evoked activity in the AL in isolated head preparationsThe search for sites of learning and memory has a long
(Ng et al., 2002); the reporter is driven in defined popula-history in neuroscience (Pavlov, 1928). There has been
tions of neurons using the GAL4-UAS system. Yu et al.great interest in determining whether different aspects
have now adapted this technique for use in live flies,of learning and memory map to different anatomical
making it possible to compare odor-evoked activity be-
locations in the brain and in identifying foci of deficits
fore and after olfactory conditioning.
in human learning and memory.
Like the vertebrate olfactory bulb, the AL is comprised
Drosophila has proven to be a powerful model organ-
of anatomical and functional processing units called
ism in which to unravel the cellular and molecular basis glomeruli. Previous imaging studies in Drosophila have
of learning and memory. Flies can learn to associate an demonstrated that different odorants activate different
olfactory cue with an unpleasant stimulus, such as an subsets of glomeruli and that these odor-evoked activity
electric shock. In a standard classical conditioning para- patterns are both reproducible and stereotyped be-
digm, one odorant (the conditioned stimulus, or CS) tween animals, resulting in a spatial map of odor repre-
is presented simultaneously with a series of electric sentations in the brain (Fiala et al., 2002; Ng et al., 2002;
shocks (the unconditioned stimulus, or US), while a sec- Wang et al., 2003).
ond odorant (CS) is presented without shock. When Yu et al. first examined PN activity upon exposure of
flies are subsequently presented with a choice between naive flies to the odorant 3-octanol and found that it
the CS and the CS, they preferentially avoid the CS. activated four of the eight imaged glomeruli. They then
This behavior is indicative of olfactory learning. examined PN activity upon application of an electric
How are olfactory memories represented in the fly shock and observed that all of the imaged glomeruli
brain? Previous studies have demonstrated the central were activated by the shock. This result suggested that
importance of the mushroom bodies (MBs) in olfactory PNs might play an active role in memory formation by
learning and memory. The MBs are paired brain struc- serving as cellular integrators of the odorant CS and the
tures that receive input from the antennal lobes (ALs)— electric shock US.
the insect equivalent of the vertebrate olfactory bulbs— The authors then compared PN activity before and
and that send output to multiple brain regions. The MBs after olfactory conditioning to determine whether condi-
are believed to be cellular integrators of sensory inputs, tioning alters odor representations in the fly AL. A modi-
acting as coincidence detectors for converging signals. fied version of the traditional classical conditioning
Olfactory learning is severely reduced when MB function paradigm was used for this comparison: animals were
is compromised either by cellular ablation (de Belle and exposed to 3-octanol (CS) for a period of 1 min, during
Heisenberg, 1994) or genetic disruption (Heisenberg et which time a series of electric shocks (US) was delivered
al., 1985). In addition, a large number of learning and to the abdomen. After a rest period of 3 min, most glo-
meruli showed similar activation patterns to those ob-memory mutants have been identified in Drosophila,
